The Beam Condition Monitoring Leakage (BCML) system is a beam monitoring device in the CMS experiment at the LHC. As detectors 32 poly-crystalline (pCVD) diamond sensors are positioned in rings around the beam pipe. Here high particle rates occur from the colliding beams scattering particles outside the beam pipe. These particles cause defects, which act as traps for the ionization, thus reducing the charge collection efficiency (CCE). However, the loss in CCE was much more severe than expected from low rate laboratory measurements and simulations, especially in single-crystalline (sCVD) diamonds, which have a low initial concentration of defects. After an integrated luminosity of a few fb −1 corresponding to a few weeks of LHC operation, the CCE of the sCVD diamonds dropped by a factor of five or more and quickly approached the poor CCE of pCVD diamonds. The reason why in real experiments the CCE is much worse than in laboratory experiments is related to the ionization rate.
The Beam Condition Monitoring Leakage (BCML) system is a beam monitoring device in the CMS experiment at the LHC. As detectors 32 poly-crystalline (pCVD) diamond sensors are positioned in rings around the beam pipe. Here high particle rates occur from the colliding beams scattering particles outside the beam pipe. These particles cause defects, which act as traps for the ionization, thus reducing the charge collection efficiency (CCE). However, the loss in CCE was much more severe than expected from low rate laboratory measurements and simulations, especially in single-crystalline (sCVD) diamonds, which have a low initial concentration of defects. After an integrated luminosity of a few fb −1 corresponding to a few weeks of LHC operation, the CCE of the sCVD diamonds dropped by a factor of five or more and quickly approached the poor CCE of pCVD diamonds. The reason why in real experiments the CCE is much worse than in laboratory experiments is related to the ionization rate.
At high particle rates the trapping rate of the ionization is so high compared with the detrapping rate, that space charge builds up. This space charge reduces locally the internal electric field, which in turn increases the trapping rate and recombination and hence reduces the CCE in a strongly non-linear way. A diamond irradiation campaign was started to investigate the rate dependent electrical field deformation with respect to the radiation damage. Besides the electrical field measurements via the Transient Current Technique (TCT), the CCE was measured. The experimental results were used to create an effective deep trap model that takes the radiation damage into account. Using this trap model the rate dependent electrical field deformation and the CCE were simulated with the software SILVACO TCAD. The simulation, tuned to rate dependent measurements from a strong radioactive source, was able to predict the nonlinear decrease of the CCE in the harsh environment of the LHC, where the particle rate was a factor 30 higher.
Copyright line will be provided by the publisher 1 Introduction The CMS Beam Condition Monitor Leakage (BCML) system at LHC is a beam monitoring device based on 32 poly-crystalline (pCVD) diamond sensors which detects the ionization from the beam losses leaking outside the beam pipe, e.g. by scattering on the residual gas or beam collimators. Although diamond sensors were expected to be radiation hard, the charge collection efficiency (CCE) dropped much faster [1, 2, 3] than expected from low particle rate laboratory measurements [4] and simulations [5, 6] , especially in single-crystalline (sCVD) diamonds, which have a low initial concentration of defects. After an integrated luminosity of a few fb −1 corresponding to a few weeks of LHC operation, the CCE of the sCVD diamonds dropped by a factor of five or more and quickly approached the poor CCE of pCVD diamonds, see Fig. 1 . This discrepancy in CCE between the real application in a particle detector and laboratory experiments can be explained by the rate dependent polarization [7, 8] 
Comparing the measurements from the highly damaged pCVD one can see from Fig. 5(b) that before irradiation there was no measurement (Fig. 6(b) ) compares well to the data from before irradiation.
A reduction of the maximum CCD (at high fields) was not observed after irradiation, as expected from the high radiation hardness observed in test beams [5] .
The reduction in detector signal strength observed in CMS, as shown in Section 4, is higher than the decrease of CCD. Hence the reduction of CCD is not the main reason for the observed signal decrease. The reduced signal was probably attributed to a buildup in polarization. As explained in Section 5, the buildup of polarization can be stronger in an high rate environment. Therefore the signal in an intense radiation field, like in CMS, could be even more reduced than in the CCD measure environment.
Transient current technique (TCT)
The electric field inside a sensor can be determined by the Transient-Current-Technique (TCT): after introducing electronhole pairs on one side of the detector, e.g. by a radioactive α source, one observes the current generated by the drift of the charge carriers due to the internal electric field of the sensor. This current as function of time is proportional to the electric field as function of distance. For an undamaged detector the electric field is constant and one obtains a square TCT signal with a length proportional to the maximum drift time. By creating the charge carriers either at the cathode or anode the drift from electrons or holes can be observed.
The used measurement setup consists of a Picosecond 5531 bias tee, a MITEQ AM-1309 amplifier, a Tektronix TDS 5104B oscilloscope and a Keithley 2410 as HV source. As α source a 3.56 kBq 241 Am source was used. Figure 2 Diamond polarization: Radiation damage leads to a homogeneous distribution of lattice defects in the diamond bulk (a). The external electrical field leads to an asymmetrical distribution of the charge carrier density, since the flux and hence the trapping probability of positive (negative) charge carriers is proportional to the thickness of the collecting region, as shown in (b). This results in an asymmetrical build-up of space charge (c) and hence in a locally reduced electrical field that causes an increase in charge carrier recombination and therefore a reduced charge collection efficiency. diamond detector, as was deduced from detailed laboratory measurements and simulations.
Rate dependent diamond polarization Radiation damage introduces a homogeneous distribution of defects in the diamond bulk, which can act as traps for charge carriers created by ionization. With an external electrical field applied the electrons are drifting to the anode and the holes are drifting to the cathode. The charge trapping is linear proportional to the charge carrier density and hence leads to an increased hole trapping at the cathode and an increased electron trapping at the anode. This creation of space charge predominantly towards the edges leads to a modified electrical field distribution inside the diamond bulk with a local minimum in the central region (see Fig. 2 ). In this low field region the recombination rate is increased and hence the charge collection efficiency reduced. At high particle rates the trapping rate is higher than the detrapping rate, so space charge builds up even stronger and reducing the CCE more.
2 Experimental study of the diamond polarization Four new single crystalline diamonds of highest quality 'electronic grade' corresponding to [N ] < 5 ppB and [B] < 1 ppB produced by Element6 [9] were used to investigate the diamond polarization with respect to the irradiation damage. On the 5 × 5 mm diamond surfaces ohmic titanium/tungsten electrodes were sputtered with a thickness of 100 nm after 1 µm of the surfaces was removed by a chlorine chemistry reactive ion etching. The metal electrodes with a surface of 4 × 4 mm were annealed in an N 2 environment for 4 min at 400
• C.
The diamond samples were irradiated stepwise with 23 MeV protons (sample #1 and #2) and with neutron particles with an energy distribution up to 10 MeV [10] (sample #3 and #4) to a maximum fluence of 3 × 10 12 cm −2 . An overview of the irradiated samples is given in Table 1 .
Diamond polarization is modifying the internal electrical field, which can be measured using the TransientCurrent-Technique (TCT) [12, 13] . The electrical field modification is affecting also the sensor efficiency, therefore CCE measurements were done as well. In the subsections 2.1 and 2.2 both measurement techniques will be introduced. The basic concept measuring the build-up of polarization is discussed in section 2.3. 
Figure 3
The TCT setup consists of a bias tee, a signal amplifier and an oscilloscope. The TCT signal created by α particles is decoupled from the high voltage circuit into the signal circuit via the bias tee. The high frequency TCT signal is amplified and read out with a digital storage scope with a bandwidth of 1 GHz.
Transient-Current-Technique (TCT)
The electrical field can be measured indirectly using TCT: electronhole pairs are induced on one side of the diamond by an α particle. The external applied electrical field causes the charge carries to drift in opposite direction through the diamond bulk. The small penetration depth of the α particle ≤ 15 µm (section. 3.1) causes however one type of charge carrier to reach immediately the electrode. The other type of charge carrier is drifting through the entire diamond bulk. Based on Ramo's theorem [14] drifting charge is inducing a current in the electrical circuit. This current as function of time is proportional to the electric field as function of distance. Hence for a constant electrical field a square TCT signal should be obtained. Creating the electron-hole pairs on the cathode or anode side allows measuring the electron or the hole drift, respectively.
The TCT setup shown in Fig. 3 consists of a Picosecond 5531 bias tee, a Particulars wide band current amplifier (53 dB, 0.01 − 2 GHz) [15] , a Tektronix TDS 5104B oscilloscope (5 GSPS, 1 GHz) and a Keithley 2410 as bias voltage source. The limiting component in terms of bandwidth is the oscilloscope with 1 GHz. A 3.56 kBq 241 Am source is used to create α particles. In addition β particles from a 32.2 MBq 90 Sr source are used to create a constant ionization rate, creating electron-hole pairs homogeneously in the entire diamond bulk.
The α particle is stopped inside the material, therefore an external trigger can't be used. The read-out by the digital storage scope is triggered internally with a threshold of 25 mV. The TCT pulses from the scope are read out with a frequency of 2.5 Hz. The post processing of the data consists of baseline subtraction, realignment and averaging.
CCE measurement
The signal created by a minimum ionizing particle (MIP) from a 90 Sr source passing through the entire diamond bulk is used to calculate the diamond CCE. A MIP particle creates 36.7 electronhole pairs per µm of diamond thickness. Using the diamond thickness the total induced charge Q induced can be calculated. The measured charge Q meas of the MIP particle signal is compared to the induced charge Q induced to 
The MIP particles are created by a 33.4 MBq 90 Sr source, which creates simultaneously a constant ionization rate. A detailed description of the CCE setup can be found in [16] .
Measurement procedure
In order to measure the build-up of polarization in the diamond the following procedure is used for the TCT and CCE measurements:
1.The diamond is exposed during the entire measurement to a constant ionization rate by a 90 Sr source creating electron-hole pairs in the entire diamond bulk filling up the traps. In the steady-state the trapping and detrapping are in equilibrium. According to the simulations discussed below about 55 % of the effective deep traps are filled. 2.In order to remove any residual field and set the diamond into a unpolarized state, the sensor is exposed to the 90 Sr source for a duration of 20 minutes without bias voltage applied. A homogeneous trap filling in the diamond bulk, and hence an unpolarized diamond state, is reached. 3.The bias voltage is ramped up fast (t ramp ≤ 10 s) and the measurement is started immediately (t = 0 s). 4.With bias voltage applied the diamond starts to polarize. The measurement is performed over an extended period of time (t > 3000 s) until the diamond is fully polarized and the measurement results are stable.
Experimental results
The analysis presented focuses on one diamond sample (#1) out of the four irradiated diamond samples. This diamond sample was irradiated in two steps with 23 MeV protons. The first irradiation step was f 1 = 1 × 10 12 cm −2 and the second step f = 2 × 10 12 cm −2 to a total fluency of f 2 = 3 × 10 12 cm −2 . For the unirradiated diamond sample the TCT pulses show the expected rectangular shape corresponding to a constant electrical field, see Figs. 4a and 4d. The constant β particle rate causes no effect and the TCT pulses remain constant over the entire measurement time. The CCE was measured as well and remained stable at 95 %.
After the first irradiation step f 1 the TCT pulses are no longer stable over time. A rectangular TCT pulse shape 
Figure 4
Comparison of the TCT measurements of diamond sample #1 for different radiation damages (from left to right) at a bias voltage of 100 V for holes (top row) and electrons (bottom row). The TCT pulses and hence the electrical field is constant over time for the undamaged sensor. Increased radiation damage leads to the diamond polarization and hence to a modified TCT shape corresponding to a modified electrical field configuration. A new stable electrical field configuration is reached for irradiation step f 1 after being exposed for t ≥ 610 s to the β particle source and for irradiation step f 2 after t ≥ 2125 s. With increased radiation damage the effect of the diamond polarization is more significant resulting in a stronger modification of the final TCT pulse shape. The shape of the hole and electron drift is comparable and indicating a symmetrical charge up of the diamond bulk. can however still be obtained immediately after the start of the measurement (t = 15 s in Fig. 4b and t = 10 s in 4e). A new stable configuration is reached after t = 615 s in Fig. 4b and t = 610 s in Fig. 4e , when the TCT pulse shapes are not changing anymore. The TCT pulses of both charge carriers show a symmetrical two-peak structure, indicating a local minimum in the electrical field central in the diamond bulk.
After the second irradiation step f 2 the TCT pulse modification is more pronounced, as shown in Figs. 4c and 4f. The time to reach a new stable configuration is now increased to t = 2125 s. The TCT pulse shapes of both charge carriers are still similar, indicating a symmetrical charge up of the diamond bulk with a local electrical field minimum in the center.
The correlation between the TCT pulse modification and the CCE for the diamond sample (#1) at the irradia- Figs. 5b and 5c . This is expected, since the electric field is not so strongly reduced by the internal field from the polarization.
Mobility of charge carriers The mobility and drift parameters of the charge carriers inside the diamond are crucial for a correct TCT pulse simulation. The drift velocity of the charge carriers can be calculated for different bias voltages, by measuring the FWHM of the TCT pulse and using Eq. 2:
where d is the thickness of the diamond. The measured drift velocities for bias voltages between 70 V and 1000 V are in agreement with the literature values [17] shown in Fig. 6 . Caughey and Thomas [18] found that the drift velocities can be well described by the empirical formula:
The fitted mobility parameters µ 0 , β and E c are compared with the literature parameters in Table 2 . The MIP particle rate created by the 90 Sr sources is simulated in FLUKA for both measurement setups. The activity of both β particle sources is comparable (TCT: 32.2 MBq and CCE: 33.4 MBq). However, the different geometries in the setups lead to an increased charge carrier creation inside the diamond bulk for the CCE setup. the software SILVACO TCAD [19] . Besides the electrical properties, like e.g. band gap or mobility parameters, radiation induced lattice defects can be taken into account by introducing effective deep traps acting as recombination centers. These effective recombination centers were found by optimizing the simulation of TCT pulses to match the experimental data. Beside TCT pulses, the CCE of the detector can be obtained by simulating a MIP particle hit.
Description of simulation
The electrical diamond properties are simulated numerically in a 2 dimensional rotational symmetrical system (quasi 3D), allowing extrapolating quantities like the charge density into a three dimensional sphere. This approach combines an efficient use of computing resources with a correct description of all physical quantities.
The experimental determined mobility parameters (section 2.4) for the hole drift and the literature parameters for the electron drift are used in the simulation. The diamond polarization can lead to extreme electrical fields Raw result Bandwidth filter Figure 9 The raw TCT signal calculated by the simulation (blue) is manipulated with a bandwidth filter to simulate the TCT hardware having a limited bandwidth of 1 GHz (see section: 2.1). The unfiltered simulation result shows a narrow peak at the beginning of the TCT pulse, which is caused by the drift of both charge carriers immediately after the alpha particle hit. (
, where the experimental determined electron parameterization could fail.
The energy deposition of the α and β patricles in the diamond bulk during the TCT and CCE measurements were simulated with the publicly available software FLUKA [20, 21] . The simulation includes the geometry of the setups and the different collimation of the sources (see Figs. 7  and 8) .
Besides the geometrical properties of the measurement setup, the hardware limitation of the scope and the amplifier are taken into account. Therefore the raw TCT signal calculated by the simulation is subjected to a bandwidth filter (see Fig. 9 ) to simulate the TCT hardware having a limited bandwidth of 1 GHz (see Sect: 2.1). The unfiltered simulation result shows a narrow peak at the beginning of the TCT pulse, which is caused by the drift Signal (V) t = 15s t = 285s t = 2385s Figure 11 Comparison of the TCT pulse deformation for an electron drift over time between simulation (dashed) and measurement (solid). The evolution in time of the TCT pulse is in agreement with the experimental data.
of both charge carriers in opposite directions immediately after the alpha particle hit. The small penetration depth d alpha ≤ 15 µm (see Fig. 8 ) explains the short duration of the peak (t < 0.2 ns).
Effective recombination center model
The irradiation creates a plutoria of defects, which can trap charges (electrons or holes) or stay in an ionized state. Since the energy levels of the defects are poorly known, we introduced four effective deep traps acting as recombination centers to approximate the many different defects in reality. The energy levels and cross sections of such a simple model are obtained by fitting the evolution of the TCT pulse shapes in time. The positions of the effective recombination centers are illustrated in Fig. 10 and the physical parameters are given in Table 3 .
Beside the creation of space charge the physical parameters of the defects are influencing recombination processes, especially the Shockley-Read-Hall (SRH) recombination of charge carriers by the release of energy in form of a phonon [22] . The recombination rate R D is described by the Shockley-Read-Hall law [23] :
Copyright line will be provided by the publisher pss header will be provided by the publisher where the electron/hole lifetimes τ e,h are related to the carrier capture cross sections σ e,h through the equation:
E i is the intrinsic Fermi level position, E t is the trap energy level and v e,h is the thermal velocity of the charge carriers. Hence the trap parameters determine the electron/hole lifetime and influence directly the amount of charge carrier recombination.
Simulation versus experimental data
The SILVACO TCAD simulation follows the experimental measurement procedure and simulates the same time duration of the experimental measurement, in total 3600 s. The diamond sample is exposed during the entire simulation to the FLUKA simulated 90 Sr source. In a first step the diamond is exposed to the 90 Sr source over a time duration of 20 minutes with no bias voltage applied in order to fill the diamond traps homogeneously. In a next simulation step the bias voltage is quickly ramped up (< 1 s) and followed by α particle hits simulated on both surfaces successively to simulate the TCT pulse of the electron and the hole drift. This is followed by a MIP particle hit used to calculate the CCE. This procedure of three particle hits is simulated at different time steps (0 s, 300 s, 600 s, 1200 s, 1800 s, 2400 s, 3000 s and 3600 s) within the entire simulation time in order to probe the TCT pulses and the CCE. At these measurement steps additional diamond information like electrical field and recombination rates are probed as well.
The simulation of the TCT pulse modification at 3 different time steps for the electron drift is compared with the experimental data in Fig. 11 . Beside the correct description of the TCT pulses the evolution in time is in agreement with the measurement, simulating well the build up of polarization. In Fig. 12 the simulation result for the hole and electron drift at different bias voltages are compared to the experimental results for the unpolarized and polarized di- Analysis of the electrical field The electrical fields corresponding to the unpolarized and polarized TCT pulse shapes are shown in Fig. 13a for a bias voltage of 100 V. The rectangular TCT shape (Fig. 12a,b -unpolarized) corresponds to a constant electrical field ( − → E = 1800 V/cm). The corresponding electrical field for the polarized diamond state (Fig. 12a,b -polarized) however has a local minimum in the middle of the diamond bulk. In the minimum the electric field ( − → E = 300 V/cm) is a factor six reduced compared with the unpolarized state. This locally reduced electrical field is increasing the recombination rate of the charge carriers by a factor of 10, see Fig. 13b , thus explaining the drop from 93 % to 65 % in CCE.
The influence of the polarization for an increased bias voltage of 200 V is reduced, thus leading to a less affected electrical field, as shown in Fig. 13c. 4 Extrapolation of the simulation to the CMS particle environment The effective recombination center model was fitted to laboratory particle rates created by a 90 Sr source. However, in the CMS detector the particle rate is about a factor 30 higher.
At a bias voltage of 100 V this high particle rate leads to a stronger reduction in CCE, from 65 % ( 90 Sr) to 23 % (CMS), as shown in Fig. 14a . For an increased bias voltage of 200 V the CCE is reduced from 100 % ( 90 Sr) to 51 % (CMS). This reduced CCE can be explained by the corresponding electrical fields, shown in Figs. 14b and 14c. At a bias voltage of 100 V almost 50 % of the diamond bulk has an electrical field close to zero.
Conclusion
The charge collection efficiency in the diamond sensors used in the beam loss monitors for the LHC turned out to be far below expectation after a rather low irradiation level. Detailed investigations pointed to a decrease in the electric field inside the sensor by the space charges trapped in the defects from the radiation damage, called polarization. So the defects not only reduce the CCE by trapping the charge, but the reduced electric field enhances the recombination of charges, thus reducing the CCE in a strongly non-linear way. These interpretations were supported by a detailed simulation of the TCT and CCE measurements using an effective recombination center model with the energy levels and trapping cross sections fitted to the data obtained from laboratory measurements with a 90 Sr source. Extrapolating the reduction of the electric field by the polarizing space charge inside the sensor to the high rate environment of the CMS detector explained the poor performance of the diamond sensors in the harsh environment of the LHC. A possibility to avoid the diamond polarization in a high particle rate environment could be the switching of the bias voltage with a few Hz, so the space charge would switch direction as well and could not build up so strongly. Alternatively, one should try to increase the high voltage breakthrough voltage, so one could operate with an electric field from the bias voltage well above the electric field from the space charge.
